Abstract Ionotropic purinergic receptors (P2X) are expressed in endothelial and smooth muscle cells of blood vessels. ATP acting on smooth muscle P2X receptors is able to induce vasoconstriction in different kind of vessels. However, to our knowledge, there are no reports that directly show the activity of these purinergic receptors in native human vascular smooth muscle cells. In this work, we describe for the first time an ATP-induced current in freshly isolated human umbilical artery (HUA) smooth muscle cells. The current was measured by patch-clamp technique in whole-cell condition on cells clamped at −50 mV. At 100 μM of ATP the current showed a rapid activation and desensitization, and was carried by both Na + and Ca 2+ . The current was completely blocked by suramin (300 μM) and partially blocked by 100 μM of Zn 2+ without affecting the kinetic of desensitization. All these properties suggest that the ATP-induced ionic currents are mediated through P2X 1 -like receptors. Moreover, we show that ATP transiently increased cytosolic Ca 2+ in "in situ" smooth muscle cells of intact HUA segments and that this response is dependent of extracellular and intracellular Ca 2+ . These data expand the knowledge of purinergic receptors properties in vascular smooth muscle cells and the probable role of ATP as a paracrine modulator of contractile tone in a human artery which is fundamental for feto-placental blood flow.
Introduction
Ionotropic purinergic receptors (P2X) are expressed in different types of cells. In blood vessels, in particular, they are present in endothelial and smooth muscle cells, where they are subject to ATP coming from different sources. ATP is released by sympathetic varicosities as a co-transmitter together with noradrenaline [1] , acting on smooth muscle P2X receptors which favor vasoconstriction [2] . When faced with hypoxia or due to shear stress, the endothelium also releases ATP [3] which can reach smooth muscle by a paracrine route. Alternatively, ATP may act on endothelial cells to induce the production of the vasorelaxant agent NO [2, 4] . Moreover, ATP coming from all these sources may be transformed by ectoenzymes to adenosine, which can now act on P1 purinergic receptors on smooth muscle cells promoting vasodilation [2] .
Umbilical cord vessels are essential for feto-placental blood flow, and the control of their degree of contraction is of fundamental importance. Since the umbilical cord is not innervated, smooth muscle cells are under exclusive control of mechanical stretch and vasoactive substances secreted by endocrine glands or locally produced by endothelial cells, platelets and blood cells. Umbilical cord and chorionic vessels respond to extracellular ATP. Results obtained by the RT-PCR technique showed that human umbilical artery (HUA) smooth muscle cells express mRNAs for different P2X receptors, namely, P2X 1 , P2X 2 , P2X 4 , P2X 5 , P2X 6 , and P2X 7 , being the mRNA of P2X 2 only present in the proximal segment of the umbilical artery, and the P2X 5 subtype present in the middle and distal portions of it [5] . In the same work, by measuring the force development produced by exogenous ATP or by an agonist of P2X 1 receptors, the authors show that stimulation of P2X 1 is able to contract HUA segments. These results are in accordance with those obtained by Bo et al. [6] indicating the presence of P2X 1 receptors in the smooth muscle cells of human umbilical artery using in vitro organ bath recording, radioligand binding assays, autoradiography, and immunohistochemistry.
However, up to now, there are no reports that directly show the activity of these purinergic receptors in native human vascular smooth muscle cells. In this work, an ATPinduced current in freshly isolated HUA smooth muscle cells is described for the first time. This current was carried by Na + and Ca 2+ , presented a transient temporal course and was inhibited by Zn 2+ and suramin. All these properties are characteristic of ionic currents through P2X 1 -like receptors. Moreover, we show that at the same concentration, ATP transiently increased cytosolic Ca 2+ in "in situ" smooth muscle cells of intact HUA segments.
Methods
Umbilical cords (n=32) were obtained after vaginal and caesarean deliveries performed in the Instituto Central de Medicina, La Plata, Argentina and in the Policlinico San Matteo, Pavia, Italy. The middle portions of these umbilical cords were placed in a Krebs solution (KS) of the following composition (in mM): 130 NaCl, 4.7 KCl, 1.17 KH 2 PO 4 , 1.16 MgSO 4 , 24 NaCO 3 H, 2.5 CaCl 2 , pH 7.4 at 4°C and immediately taken to the laboratory where they were stored at 4°C and used within the next 24 h.
Patch-clamp recordings
The arteries were dissected from the Wharton's jelly just before the cell isolation procedure in a Petri dish containing KS. Endothelial cells were eliminated by gently rubbing the luminal vessel surface with a cotton swab. Previous experience shows that this maneuver does not damage the smooth muscle layer. Afterwards, HUA smooth muscle cells were obtained by a method based on the one described by Klockner [7] and later modified in our laboratory [8] in order to diminish the enzyme content in the dissociation medium (DM). Briefly, segments of HUA were cleaned of any residual connective tissue, cut in small strips and placed for 15 min in a DM containing (in mM): 140 NaCl, 5 KH 2 PO 4 , 5 MgCl 2 , 6 glucose, 5 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH was adjusted to 7.4 with NaOH. The strips were then placed in DM with 2 mg/ml collagenase type I during 25 min, with gentle agitation, at 35°C. After the incubation period the strips were washed with DM and single HUA smooth muscle cells were obtained by a gentle dispersion of the treated tissue using a Pasteur pipette. The remaining tissue and the supernatant containing isolated cells were stored at room temperature (20-23°C) until used. HUA smooth muscle cells were allowed to settle onto the coverglass bottom of a 3 ml experimental chamber. The cells were observed with a mechanically stabilized, inverted microscope (ZeissTelaval3) equipped with a ×40 objective lens. The chamber was perfused for 15 min, at 1 ml min −1 by gravity, with the extracellular saline solution (ES, see composition later) before the patch-clamp experiment was started. After each experiment on a single cell, the experimental chamber was replaced by another one containing a new sample of cells.
Only well-relaxed, spindle-shaped smooth muscle cells were used for electrophysiological recordings. Data were collected within 4-6 h after cell isolation. All experiments were performed at room temperature (20-23°C).
The standard tight-seal whole-cell configuration of the patch-clamp technique [9] was used to record ionic currents. Glass pipettes were drawn from WPI PG52165-4 glass on a two-stage vertical micropipette puller (PP-83, Narishige Scientific Instrument Laboratories, Tokyo, Japan) and pipette resistance ranged from 2 to 4 MΩ measured in ES. Ionic currents were measured with an Axopatch 200A amplifier (Axon Instruments, Foster City, CA).
Whole-cell currents activated by ATP were recorded on cells clamped at −50 mV. Application of ATP solution was performed through a multibarreled pipette positioned immediately adjacent to the cell investigated, so the temporal delay of ATP reaching the cell was negligible. The currents were filtered at 2 kHz, digitized at a sample frequency of 100 kHz (Digidata 1200 Axon Instruments, Foster City, CA), and stored on a computer hard disk for later analysis. The currents were analyzed by measuring the peak amplitude and the kinetic of desensitization by fitting them with an exponential function and obtaining their tau value. For some of the experiments two modified ES were used: an ES without Ca 2+ (no CaCl 2 plus 1 mM EGTA) or an ES without Na + (NaCl entirely replaced by N-methylglucamine chloride). The HUAs were dissected from the Wharton's jelly from the umbilical cord and placed in a Petri dish filled with KS, cleaned of adherent connective tissue, and cut in small rectangular strips. Endothelial cells were eliminated by gently rubbing the luminal vessel surface.
The strips were then incubated for 180 min at room temperature in an extracellular saline solution (ES) of the same composition already described containing 16 μM fura-2 AM (1 mM fura-2 AM in DMSO stock solution). They were afterwards washed with ES without fura-2 AM and anchored to the bottom of a Petri dish. In situ smooth muscle cells were visualized by an upright epifluorescence microscope (Zeiss, Axiolab) equipped with a 100-W Hg lamp and a Zeiss ×63 Achroplan water immersion objective (0.75 numerical aperture). The cells were excited alternately at 340 or 380 nm and the emitted light was detected at 510 nm. A neutral density filter (0.3 optical density) reduced the overall intensity of the exciting light and a second neutral density filter (optical density=0.3) was coupled to the 380 nm filter to approach the intensity of the 340 nm light. The exciting filters were mounted on a filter wheel (Lambda 10, Sutter Instrument, Novato, CA, USA). Custom software, working in the LINUX environment, was used to drive the camera (Extended-ISIS Camera, Photonic Science, Millham, UK), the filter wheel, and to measure and plot on-line the fluorescence from about five rectangular regions of interest (ROI), which enclosed one to five single cells each. Variations in the [Ca 2+ ] i were monitored by evaluating for each ROI the ratio of the fluorescence signal emitted at 510 nm when exciting at 340 and 380 nm. Experiments were carried out at room temperature (20-23°C) and ratio measurements were performed every 2.0 s. Reagents ATP (disodium salt), suramin, EGTA, HEPES, αβ-methylene ATP, cyclopiazonic acid, and collagenase type I used for cell isolation were purchased from Sigma Chemical Company (St Louis, MS, USA). Fura-2 AM was obtained from Molecular Probes (Eugene, OR, USA). All other reagents were of analytical grade and purchased from local vendors.
Statistical analysis
All data are presented as mean±SEM. Comparisons between groups were made by ANOVA followed by an appropriate test. The figure legends indicate which test was used for each comparison.
Results

Patch-clamp recordings
The application of extracellular ATP on freshly isolated HUA smooth muscle cells evoked a transient inward current, characterized by a fast activation and a peak current followed by a decrease toward the baseline value, which represents the desensitization of ATP receptors (Fig. 1a, b, and c) . After a first stimulus, it took more than 15 min of washing to achieve a second response to a new ATP application. Nevertheless, this second response was significantly lower than the first one (not shown).
The peak amplitude of ATP-induced current was dependent on ATP concentration (Fig. 1a, b, c, and d) . The kinetics of desensitization was analyzed fitting the current decay with a first order exponential function, which accurately fits the time course of current decrease. The mean time constants of the exponential decay (tau) for each ATP concentration are shown in Fig. 1e . As it is possible to observe, the kinetics of desensitization is also dependent on ATP concentration. By comparing these results with published properties for different types of P2X receptor, it seems that in HUA smooth muscle cells the ATP-induced current is carried through P2X 1 receptors or through heteromeric P2X 1 -like receptors.
The response to 100 μM extracellular ATP in normal ES was considered as the control condition for the next experiments. Suramin (100 μM), a blocker of P2X receptors, inhibited most of the whole-cell current induced by ATP, leaving a small component which had a slower activation and desensitization (Fig. 2b) . A higher concentration of suramin (300 μM) induced a complete block of the current (Fig. 2c) . Zn 2+ is a modulator of ATP-induced currents through P2X receptors [10] , so the effects of different concentrations of Zn 2+ were tested. While 20 μM of Zn 2+ did not affect the current (data not shown), 100 μM produced a significant decrease in the peak current amplitude without affecting the kinetic of receptor desensitization (Fig. 2d) . Figure 2e and f summarize data obtained with Zn 2+ and suramin. As it is known that, in physiological conditions, currents through P2X receptors are mainly carried by Na + and Ca 2+ , the next series of experiments were directed to study the effects of extracellular Na + and Ca 2+ substitution on ATP-induced current. When extracellular Na + ions were completely replaced by N-methyl-glucamine, the peak amplitude of the ATP-induced current was significantly reduced (Fig. 3b and d) , conserving its desensitization kinetics (Fig. 3b and e) . When it was recorded without extracellular Ca 2+ (plus EGTA 1 mM) the ATP-induced current was also significantly reduced ( Fig. 3c and d) but not as much as when Na + was absent (Fig. 3d) . The desensitization kinetics in Ca
2+
-free ES was not significantly affected ( Fig. 3c and e ] i elevation characterized by a rapid increase and return to baseline levels (about 2 min after initial increase, Fig. 4a and e) . A similar response was obtained when the cells were stimulated with 3 μM of αβ-methylene ATP, an activator of P2X 1 receptors (Fig. 4c and e) (Fig. 4b and e) to evoke it. After sarcoplasmic reticulum depletion with 10 μM cyclopiazonic acid (CPA), ATP-induced Ca 2+ increase was less than in control conditions, meaning that this Ca 2+ reservoir also participates in the response to ATP (Fig. 4d and e) .
Discussion
ATP activates P2X 1-7 receptors, which are non-selective cationic channels through which Na + and Ca 2+ can permeate [11] [12] [13] . Among the members of ATP receptors, P2X 1 subtype is the more frequently found in vascular smooth muscle cells.
The ionic currents induced by ATP in freshly isolated HUA smooth muscle cells have never been investigated before. Our data showed that ATP induces a cationic current carried by both Na + and Ca 2+ , where Na + influx is quantitatively more relevant. These data regarding the current carriers, plus the inhibitory effect of suramin and the kinetics of desensitization, point to the P2X 1 subtype as the main structure responsible for the current activated by 100 μM ATP. However, since HUA smooth muscle also expresses mRNA for other types of purinergic receptors [5] , we cannot exclude as current carriers P2X 1 -like heteromers formed by combinations of different subunits (like P2X1/4, P2X1/5 or others).
In good agreement with these results, we found that in "in situ" HUA smooth muscle cells ATP increases [Ca 2+ ] i . Moreover, αβ-methylene ATP, produced a [Ca 2+ ] i change displaying a similar temporal course as that of ATP (Fig. 4d) . This agonist stimulates mainly homomeric P2X 1 or heteromeric P2X 1 -like receptors, although it can also be effective on P2X 3 and P2X 5 . However, P2X 3 mRNA was not found to be expressed by HUA smooth muscle [5] , and currents through P2X 5 receptors do not show fast desensitization [13] . Hence, we think that combining the evidence obtained from the whole-cell currents plus the effects of αβ-methylene ATP gives P2X 1 , or a closely related heteromer, as the main structure responsible for both the current and the initiation of the [Ca 2+ ] i transient. Using cultured HUA smooth muscle cells, Meng et al. [14] found that αβ-methylene ATP induced a [Ca 2+ ] i response similar to the one we observed. However, in their case ATP, at a concentration similar to ours, induced Ca 2+ oscillations. The authors suggested that these oscillations were produced by ATP stimulation of P2Y receptors. Our results did not show oscillations in [Ca 2+ ] i and, as discussed, do not suggest involvement of P2Y receptors. There could be many causes for this discrepancy, especially because in the microfluorimetry experiments we used intact tissue, while Meng et al. used cultured cells, which do not have cell-to-cell interactions and attachment to the extracellular matrix. Additionally, several authors have reported significant differences in receptors and channels expression between freshly isolated cells or intact tissue and culture cells [15, 16] , so the difference between what Meng et al. reported and our results could also be interpreted in this light. We think that it will be interesting to explore this subject in the future in order to understand the different phenotypes (proliferative, secretor, contractile) that these smooth muscle cells could present in different conditions and if ATP receptors could have different functional roles in each case, as suggested by Erlinge et al. [17] .
Our results also show that extracellular Ca 2+ entry is a necessary step to produce intracellular Ca 2+ increase, likely inducing further Ca 2+ release from the sarcoplasmic reticulum. Hence, we can conclude that in in situ smooth muscle cells of excised HUA 100 μM ATP mainly activates P2X 1 -like receptors. This is a quite novel smooth muscle cell model, avoiding enzymatic treatment and dissociation, and allows investigations in a more relevant physiological condition than cultured systems. The expression of P2X 1 receptors had been demonstrated in HUA as mRNA [5] and protein [6] . It has been shown that ATP-binding sites in HUA are restricted to the smooth muscle cells, with radioactive probes not attaching to the endothelial cells [6] . Both groups concluded that in this vessel ATP contractions could be evoked by P2X 1 receptor activation [5, 6] .
Zinc is known to increase the current through P2X 2 and P2X 4 purinergic receptors [13] , and inhibit P2X 1 [10, 18] , so we used this ion to further characterize the current. We found that 100 μM Zn 2+ reduced the current by about 80%, contrary to what could be expected if any of the subtypes 2 or 4 of P2X receptors participated in the ATP-induced current. Hence, we think that despite their mRNAs being expressed in this artery, these receptors have a minor role in ATP signaling.
Since umbilical vessels are not innervated, local regulation of the degree of contraction surely plays an important role. ATP produces the contraction of umbilical cord vessels [5] . This nucleotide can be released from endothelial cells [3] and also from red blood cells in conditions of hypoxia [19] , so it is conceivable that ATP plays a role in the regulation of HUA tone in vivo, where it would be one of the many factors promoting contraction of HUA smooth muscle and, hence, vessel contraction.
In summary, we describe for the first time the ionic currents induced by extracellular ATP in human vascular smooth muscle cells, we show that these are carried by extracellular Ca 2+ and Na + and that pharmacological and kinetic evidence point to P2X 1 -like type purinergic receptors. Additionally, we characterized cytosolic Ca 2+ transients produced by ATP and showed that they are fully dependent on Ca 2+ entry from the extracellular space. These data expand the knowledge of purinergic receptor properties in vascular smooth muscle cells and its probable role as a paracrine modulator of contractile tone in a human artery which is fundamental for feto-placental blood flow. 
